iffuse astrocytomas (DAs) are slow-growing tumors, and patients with DAs have a median survival ranging from 5 to 8 years. These tumors have a high recurrence rate because of diffuse infiltration to surrounding brain and spinal cord tissues, and an inherent malignant potential to transform into anaplastic astrocytomas and glioblastomas. 11, 18 The main therapy for DAs remains controversial, but the effects of radiation and chemotherapy have been reported. 1 Spinal astrocytoma is rare. The intramedullary types account for 1%-2% of CNS tumors, 40% of which involve astrocytomas. 3, 22 Spinal astrocytomas are considered to be histopathologically equal to brain astrocytomas. Some spinal astrocytomas have a dissection plane between the tumor and the healthy spinal cord, which may allow total resection. However, many spinal astrocytomas have no dissection plane, in which case total resection may be difficult to achieve without injuring the spinal cord and causing ABBREVIATIONS DA = diffuse astrocytoma; ECM = extracellular matrix; miRNA, miR-22, mRNA = micro RNA, micro RNA-22, messenger RNA; MMP = matrix metalloproteinase; PFA = paraformaldehyde; RT-PCR = reverse transcription polymerase chain reaction; TBST = Tris-buffered saline with Triton X-100; TIMP2 = tissue inhibitor of matrix metalloproteinase-2; 3′-UTR = 3′-untranslated region. 22) is involved in the invasion of some cancer cell lines. The aim of this study was to identify the biological effects of miR-22 in regard to the invasion of human DAs. METHODS The authors evaluated whether the level of miR-22 is elevated in human spinal DAs by using miRNA chips. Next, the role of miR-22 in 1321N1 human astrocytoma cells was investigated. Finally, to elucidate whether miR-22 promotes invasion by astrocytoma cells in vivo, the authors transplanted miR-22 overexpressed astrocytoma cells into mouse thoracic spinal cord. RESULTS The miR-22 significantly upregulated the invasion capacity of 1321N1 cells. Computational in silico analysis predicted that tissue inhibitor of matrix metalloproteinase-2 (TIMP2) is a target gene of miR-22. This was confirmed by quantitative reverse transcription polymerase chain reaction and Western blotting, which showed that miR-22 inhibited TIMP2 mRNA and protein expression, respectively. Luciferase reporter assays demonstrated that miR-22 directly bound the 3′-untranslated regions of TIMP2. The authors further showed that miR-22 promoted invasiveness in 1321N1 astrocytoma cells when transplanted into mouse spinal cord. CONCLUSIONS These data suggest that miR-22 acts to regulate invasion of 1321N1 astrocytoma cells by targeting TIMP2 expression. Additional studies with more cases and cell lines are required to elucidate the findings of this study for a novel treatment target for spinal DAs.
neurological deterioration. 6, 10, 11, 15, 18, 22 Therefore, the treatment of spinal astrocytomas demands adjunctive measures to suppress the invasion.
Micro RNAs (miRNAs) are small noncoding RNAs that regulate gene expression by binding to complementary sequences in the 3′-untranslated regions (3′-UTRs) of target messenger RNA (mRNA), thereby inducing degradation and suppressing translation of target mRNA. 8 The miRNAs regulate various target genes, including oncogenes and tumor suppressor genes. 13 Deregulation of miRNA-22 (miR-22) has been observed in various cancers. It has been reported that miR-22 is implicated in the regulation of various cellular processes, including cell growth, apoptosis, and the cell cycle, 9, 26, 27, 29, 32 and it is also involved in the invasion of some cancer cell types. 12, 28 However, we lack a detailed understanding of its role in DAs.
In this study, our aim was to identify the biological effects of miR-22 in regard to the invasion of human DAs, especially in the spinal cord tissue. First, we evaluated whether the level of miR-22 is elevated in human spinal DAs by using miRNA chips. Next, we investigated the role of miR-22 in astrocytoma cells. Finally, to elucidate whether miR-22 promotes invasion by astrocytoma cells in vivo, we transplanted miR-22 overexpressed astrocytoma cells into mouse thoracic spinal cord.
Methods

Experimental Design
This study was approved by the Ethics Committee of the Osaka University Medical School. All procedures on patients were performed after obtaining written, informed consent. Animal experiments were performed in accordance with the guidelines of the Laboratory Animals Care and Use Committee of the Osaka University Faculty of Medicine. Every effort was made to limit the number of animals used and to minimize their suffering.
Extraction of RNA and Profiling of miRNA Expression
Sections (10 mm) were prepared from each formalinfixed paraffin-embedded specimen. The specimens were obtained from spinal DAs removed in the patients in Cases 11, 12, and 13 by subtotal or total resection. Paraffin was removed by xylene treatment, and then tissues were washed with ethanol twice to remove the xylene. Tissues were then treated with proteinase K at 37°C overnight. Following centrifugation, the supernatant was processed using a silica-based spin column (Toray Industries) to obtain purified total RNA. The degree of RNA cross-linking and RNA degradation was analyzed by electrophoresis, in which an Agilent 2100 Bioanalyzer (Agilent Technologies) was used. The concentration of the RNA solution was determined by measuring its absorbance at 260 nm.
Extracted total RNA was labeled with Hy5, using a miRCURY LNA Array miRNA labeling kit (Exiqon). Labeled RNAs were hybridized onto 3D-Gene Human miRNA Oligo chips (Toray Industries). The annotation and oligonucleotide sequences of the probes conformed to the miRBase miRNA database (http://microrna.sanger.ac.uk/ sequences/). After stringent washing, fluorescent signals were scanned using a 3D-Gene Scanner (Toray Industries) and analyzed using 3D-Gene Extraction software (Toray Industries). 24, 25 The raw data from each spot were normalized by substitution with the mean intensity of the background signal, which was determined from the signal intensities of all the blank spots at a 95% confidence interval. Measurements from spots whose signal intensities were > 2 SDs from the background signal intensity were considered to be valid. The relative expression level of a given miRNA was calculated by comparing the signal intensities of the valid spots throughout the microarray experiment. The data were globally normalized per array, such that the median of the signal intensity was adjusted to 25.
Cell Lines
The 1321N1 astrocytoma cells were cultured in DMEM (Life Technologies) supplemented with 100 U/ml penicillin (Wako Kyoto), 100 mg/ml streptomycin (Wako), and 10% (vol/vol) fetal bovine serum (Biowest) at 37°C in a humidified incubator with 5% CO 2 . 16 The cells were passaged using 0.25% trypsin-EDTA (Thermo Fisher Scientific).
Extraction of RNA and Performance of Quantitative Real-Time Polymerase Chain Reaction
Total RNAs and miRNAs were extracted using a mirVana miRNA isolation kit according to the manufacturer's instructions. Reverse transcription polymerase chain reaction (RT-PCR) was performed using a SuperScript VILO cDNA synthesis kit (Invitrogen). The expression of TIMP2 was assayed using TaqMan array plates (Thermo Fisher Scientific). We used GAPDH (glyceraldehyde-3-phosphate dehydrogenase), 18S ribosome, HPRT1, and GUSB as endogenous references. Gene expression was detected by real-time PCR performed using a ViiA 7 realtime PCR system (Thermo Fisher Scientific), and miRNA expression was determined using the TaqMan MicroRNA assay and the same PCR system, in accordance with manufacturer's instructions. We used U6 as an endogenous reference. Independent experiments were repeated 3 times for each sample. The relative expression levels of mRNA and miRNA were analyzed using the 2 -DDCt method.
Transfection Protocol
Cells were seeded in a 24-well plate (10 5 per well), and cultured for 24 hours. The miRNA mimic, miRNA inhibitor, mimic control miRNA, and inhibitor control miRNA (mirVana miRNA mimics, inhibitors, and control; Thermo Fisher Scientific) or expression plasmids were transfected into the cells by using Lipofectamine 2000 (Life Technologies) according to the manufacturer's protocol. The cells were cultured in a humidified atmosphere containing 5% CO 2 at 37°C for 6 hours, and then the transfection medium was replaced with complete medium. These cells were used for various assays following incubation for 48 hours.
Luciferase Reporter Assay
The full-length 3′-UTR of TIMP2 was cloned into the psiCHECK2 luciferase reporter vector (Promega). Renilla luciferase was used as the primary reporter gene, and wildtype or mutant-type 3′-UTR of TIMP2 was cloned into a multiple cloning region located downstream of the Renilla luciferase translational stop codon. The psiCHECK-2 vector contains a second reporter gene, firefly luciferase, which allows normalization of Renilla luciferase expression.
A PrimeSTAR mutagenesis basal kit (Takara Bio, Inc.) was used to generate a mutant 3′-UTR of TIMP2 in which UGU is substituted with CAC in the miR-22-binding region. In accordance with the manufacturer's instructions, Lipofectamine 2000 was used to cotransfect the miR-22 mimic by using psiCHECK2 vector containing either the wild-type or mutant-type 3′-UTR of TIMP2 into 1321N1 cells. After incubation in a humidified atmosphere containing 5% CO 2 at 37°C for 48 hours, a luciferase reporter assay was performed using a dual-luciferase reporter assay system (Promega) according to the manufacturer's instructions. Each assay was performed in triplicate. Renilla luciferase was used for normalization.
Western Blotting
Western blotting was performed as previously described. 21 Briefly, total protein was extracted from 1321N1 cells by using extraction buffer (10 mM Tris-HCl [Nippon Gene], pH 7.4), 0.1% sodium dodecyl sulfate (Nippon Gene), 1% Triton X (Sigma-Aldrich), and 100 mM NaCl (Wako) supplemented with protease inhibitors (Halt protease inhibitor cocktail, Thermo Scientific) and phenylmethanesulfonyl fluoride (Sigma-Aldrich). Protein concentrations were measured with a Qubit protein assay kit (Invitrogen) after microcentrifugation.
Samples were resolved by electrophoresis on NuPAGE Novex 4%-12% bis-Tris gels (Invitrogen) and transferred to polyvinylidene fluoride membranes (Invitrogen). Blots were blocked with 5% ECL blocking agent (GE Healthcare Life Sciences) in Tris-buffered saline with Triton X-100 (TBST) (Nippon Gene) for 1 hour, and then incubated with the primary antibody (anti-TIMP2 [1:2000, rabbit; Abcam] and anti-a-tubulin [1:5000, mouse; Abcam]) in TBST overnight at 4°C. After washing with TBST, membranes were incubated with horseradish peroxidase-conjugated antirabbit (1:2000; Cell Signaling Technology) or horseradish peroxidase-conjugated antimouse secondary antibody (1:50,000; GE Healthcare Life Sciences) for 1 hour at room temperature. Blots were washed again with TBST and developed with ECL Plus reagent (GE Healthcare Life Sciences). Signal intensities were determined using an IS-8000 FluorChem digital imaging system (Alpha Innotech). Data were analyzed by densitometry performed using ImageJ, and normalized to a-tubulin.
Invasion Assay
A CytoSelect 24-well cell invasion assay kit (Cell Biolabs, Inc.) was used to explore the invasion capacity of 1321N1 cells. Following the manufacturer's instructions, cells were suspended in serum-free DMEM to 5 × 10 5 cells/ ml. For the invasion assay, 500 ml of DMEM with 10% fetal bovine serum was added to the lower chamber and 300 ml of cell suspension was added to the upper chamber. The upper surface of the insert membrane is coated with a uniform layer of dried basement membrane matrix solution. After incubation in a humidified atmosphere containing 5% CO 2 at 37°C for 48 hours, noninvaded cells and media were gently removed from the inserts using aspiration and cotton-tipped swabs. Each insert was transferred to an empty well in a plate, 200 ml of extraction solution was added per well, and then the sample was incubated for 10 minutes on an orbital shaker. The invaded cells attached to the lower surface of the membrane inserts were stained and quantified by transferring 100 ml of each sample to a 96-well microtiter plate. Optical densities resulting from the stained invasive cells were determined at l560 nm with the aid of a plate reader.
Transplantation Into Mouse Spinal Cord
The pCMV-MIR22 vector expresses the precursor of miR-22 and GFP (OriGene), and the pCMV-MIR vector is a control empty vector that expresses GFP alone (OriGene). In accordance with the manufacturer's instructions, Lipofectamine 2000 was used to transfect pCMV-MIR22 or pCMV-MIR empty vector into 1321N1 cells. The cells were collected after incubation in a humidified atmosphere containing 5% CO 2 at 37°C for 48 hours.
Seven adult male C57BL/6 J mice (8-9 weeks old; Japan SLC, Inc.) were given inhalation anesthesia with sevoflurane (1.5%; Maruishi Pharmaceutical) and O 2 . After laminectomy at the 10th thoracic spinal vertebra, the dorsal surface of the dura mater was exposed. The cells were transplanted into the mice by using a Hamilton syringe connected to a 33-gauge needle, aided by a stereotaxic injector (Narishige). The cells for transplantation were trypsinized and diluted in serum-free DMEM to 5 × 10 5 cells/ml (control vector, n = 3; miR-22 expression vector, n = 4). The needle was inserted 1 mm into the spinal cord through the dorsal midline to avoid injury of the posteromedian medullary vein. Cell suspension (2 ml) was injected at 1 ml/minute, and then 1 minute after the completion of delivery the needle was retracted. All the mice received daily subcutaneous injections of FK506 (5 mg/kg) as an immunosuppressant for 1 week after transplantation.
One week posttransplantation, the mice were killed with a lethal dose of pentobarbital sodium, and the spinal cords were fixed by transcardial perfusion with 100 ml phosphate-buffered saline followed by 4% paraformaldehyde (PFA). Spinal cords were fixed in 4% PFA overnight, cryoprotected in 30% sucrose, embedded in OCT compound (Tissue Tek, Sakura Finetek), and frozen. Sections (10 mm thick) were sagittally cut from the blocks using a cryostat (CM1510S; Leica).
Immunocytochemical Analysis
Immunocytochemistry was performed as previously described. [19] [20] [21] Cells were fixed with 4% PFA, incubated for 1 hour at room temperature in blocking solution, incubated overnight at 4°C with the primary antibody, washed, and then incubated overnight at 4°C with the appropriate species-directed secondary antibody. 
Immunohistochemical Analysis
Immunohistochemistry was performed as previously described. 19, 21 Briefly, sections were stained with anti-GFP (1:500 goat polyclonal antibody; Abcam). The secondary antibody used was DyLight 488-conjugated donkey antigoat antibody (1:200; Abcam). The slides were counterstained with DAPI. Sections were assessed from images captured using the confocal laser fluorescence microscope. Three fields per chosen sagittal section were assessed to confirm GFP-positive cells in both groups. We measured the length from the rostral to the caudal position.
Statistical Analysis
All data are represented as the mean of at least triplicate samples ± SD. Statistical analysis included 1-way ANOVA or Student t-test using StateMateV, and p values < 0.05 were considered statistically significant.
Results
Promotion of 1321N1 Cell Invasion In Vitro by miR-22
Five patients underwent surgical treatment for spinal DAs between January 2010 and May 2013 (1 man and 4 women, 37-86 years of age, mean age 52.2 years). We numbered DA cases from 11 to 15 to anonymize. We tried to obtain total RNA from each formalin-fixed paraffinembedded specimen of DA obtained in Cases 11-15 by subtotal or total resection. The RNA obtained from spinal DA in Cases 14 and 15 was degraded. Therefore we have analyzed the DA specimens only in Cases 11, 12, and 13.
The miR-22 expression levels in 3 spinal DA cases (11-13) were measured using Toray 3D-Gene human miRNA chips to evaluate whether miR-22 is elevated in human spinal DAs. This microarray analysis showed that miR-22 was upregulated in 2 of the 3 spinal DA samples (Fig. 1A) .
The role of miR-22 in astrocytoma cells was investigated by transfecting 1321N1 cells with miR-22 mimic, miR-22 inhibitor, mimic control, or inhibitor control. The miR-22 mimic is chemically modified double-stranded RNA that mimics endogenous miR-22 and enables miR-22 functional analysis by upregulation of miR-22 activity. The miR-22 inhibitor is chemically modified single-stranded RNA designed to specifically bind to and inhibit endogenous miR-22, and also to enable miR-22 functional analysis by downregulation of miR-22 activity. Mimic control is designed to be used as a negative control for experiments in which miR-22 mimic is used, and has random sequences. Inhibitor control is intended for use as a negative control for experiments in which miR-22 inhibitor is used, and has random sequences. Quantitative RT-PCR revealed that the expression of miR-22 in the miR-22 mimic group increased approximately 50-fold compared with that of the nontransfected group (Fig. 1B) . The expression of miR-22 in the miR-22 inhibitor group decreased to approximately one-fifth that of the nontransfected group (Fig. 1C) .
We determined whether miR-22 is involved in the proliferation of astrocytoma cells by conducting a Ki 67-labeling analysis of transfected 1321N1 cells. The percentages of Ki 67-positive cells were not significant among these groups (Fig. 1D) . The effect of miR-22 on the invasion capabilities of astrocytoma cells was determined by invasion assays for transfected 1321N1 cells. The miR-22 significantly promoted the in vitro invasion capabilities of 1321N1 cells (Fig. 1E and F) . Taken together, these findings indicate that miR-22 promoted 1321N1 cell invasion, but not proliferation in vitro. Therefore, we explored the target mRNA of miR-22 to elucidate how miR-22 regulates invasion by 1321N1 cells.
Direct Targeting of TIMP2 by miR-22
Bioinformatics analysis showed that TIMP2 is a putative target of miR-22 ( Fig. 2A) . We used a consensus approach with 2 widely used types of software (miRanda and TargetScan), and speculated that TIMP2 might be involved in miR-22-mediated invasion by 1321N1 cells. TIMP2 is a natural inhibitor of the matrix metalloproteinases (MMPs), a group of peptidases involved in degradation of the extracellular matrix (ECM). To verify whether miR-22 directly targeted TIMP2, luciferase reporter assays were conducted. We constructed plasmid with the full-length 3′-UTR of the TIMP2 insert and plasmid with a mutant 3′-UTR of TIMP2, which carried a substitution of 4 nucleotides within the miR-22 binding site. The results of a luciferase reporter assay are shown in Fig. 2B , and indicate that 1321N1 cells cotransfected with miR-22 mimic and with wild-type 3′-UTR of TIMP2 showed a notable decrease in luciferase activity compared with the control group (p < 0.05). However, 1321N1 cells cotransfected with miR-22 mimic and with mutant type 3′-UTR of TIMP2 had the same luciferase activity as the control group. These results indicate that TIMP2 is a novel target of miR-22 in astrocytoma cells.
We further examined the expression of TIMP2 in 1321N1 cells by transfecting 1321N1 cells with miR-22 mimic or miR-22 inhibitor. As shown in Fig. 2C , the miR-22 mimic had a negative effect on the TIMP2 expression level compared with the internal controls (p < 0.05), whereas the miR-22 inhibitor had a positive effect compared with the internal controls (p < 0.05).
The effect of miR-22 on TIMP2 protein expression was investigated by transfecting 1321N1 cells with miR-22 mimic and mimic control, miR-22 inhibitor and inhibitor control, and then examining the level of TIMP2 protein in miR-22-overexpressing 1321N1 cells. As shown in Fig. 2D , the level of TIMP2 protein was downregulated in miR-22-overexpressing 1321N1 cells compared with the control group (p < 0.05), and upregulated in miR-22 inhibitor-expressing 1321N1 cells compared with the control group. We confirmed that miR-22 negatively regulates the expression of TIMP2 in astrocytoma cells.
Promotion of 1321N1 Cell Invasion In Vivo by miR-22
To elucidate whether miR-22 promotes invasion by astrocytoma cells in vivo, we transplanted miR-22-overexpressing 1321N1 cells into mouse thoracic spinal cord. Immunocytochemical analysis showed that both the control and miR-22 expression vector-transfected cells were positive for a-tubulin and GFP. The transfection efficiency in the control and miR-22 expression vector-transfected 1321N1 cells was 71.1% ± 21.9% and 82.3% ± 16.8%, respectively, which are not statistically different (p > 0.05). However, the expression of TIMP2 was downregulated in the miR-22 expression vector group compared with the control group (Fig. 3A) .
Sagittal sections of spinal cord obtained during immunohistochemical analysis confirmed the presence of GFPpositive cells in both groups 1 week after transplantation ( Fig. 3B and C) . The length from the rostral to the caudal sites was measured because the grafted GFP-positive cells were invaded. The extent of GFP-positive grafted cells in In the invasion assay, invasive cells on the bottom of the invasion membrane were stained. Optical densities (ODs) resulting from the stained and extracted invasive cells were determined at l560 nm by using a plate reader. For this assessment we used an in vitro invasion assay of 1321N1 cells transfected with miR-22 mimic and control mimic, or miR-22 inhibitor and control inhibitor. The miR-22 mimic is chemically modified double-stranded RNA that mimics endogenous miR-22. The miR-22 inhibitor is chemically modified single-stranded RNA designed to specifically bind to and inhibit endogenous miR-22. Control mimic and inhibitor are designed to be used as a negative control for experiments using miR-22 mimic and inhibitor, respectively. *p < 0.05. the control and miR-22 expression vector group was 57.0 ± 51.4 mm and 1041.7 ± 181.6 mm, respectively (Fig. 3D) , indicating that miR-22 promoted invasion by 1321N1 cells in vivo.
Discussion
The present study showed that TIMP2 is a novel molecular target of miR-22 in invasion of 1321N1 astrocytoma cells. We demonstrated that overexpression of miR-22 could promote invasion of 1321N1 astrocytoma cells by negatively regulating TIMP2 expression posttranscriptionally via binding to the 3′-UTR of TIMP2. The miR-22 also promoted invasion of 1321N1 astrocytoma cells when transplanted into mouse spinal cord.
Total resection is the main therapy for spinal DA, but radical surgery is difficult because of diffuse infiltration to surrounding spinal cord tissues. Spinal DAs and brain DAs are believed to have the same histopathological characteristics and thus can be treated in the same manner. However, it remains unknown whether the molecular characteristics of spinal DAs correspond to those of brain DAs. Thus, it is important to elucidate the molecular characteristics of spinal DAs to identify adjunctive therapies for countering their invasion.
Degradation of the ECM around tumor cells is an essential step in the process of tumor invasion. Various proteinases participate in the degradation of ECM, and a family of MMPs plays an important role in matrix degradation around tumor cells. 4, 23 A significant correlation between the malignancy of glioma and MMPs has been reported. 17 The activities of MMPs are strictly regulated by TIMPs, 30 which comprise 2 structural domains. The N-terminal domain binds to the active site of mature MMPs, blocking the access of substrates to the catalytic site, whereas the C-terminal domain of TIMP1 and TIMP2 binds to the hemopexin-like domain of pro-MMP-9 and pro-MMP-2, respectively. 4 Binding of the C-terminal domain is essential for cell surface activation of MMP-2 by MMP-14, 14,33 and TIMP-2 may play a role in the degradation of the ECM and regulation of glioma invasion. 23 A correlation between miRNA and glioma invasion has been reported, with some miRNAs being involved in the invasion by regulating the degradation of the ECM. Whereas miR-21 promotes glioma invasiveness by targeting MMP inhibitors, 5 miR-132 inhibits glioma cell invasion by targeting MMP16, 31 and miR-23a promotes invasion by modulating MMP-14. 7 In a recent study, miR-22 inhibited cell proliferation, migration, and invasion via targeting of the 3′-UTR of SIRT1 in the progression of glioblastoma. 2 Our study suggests a regulatory mechanism by which miR-22 promotes glioma invasion by downregulating TIMP2, which further regulates MMP2 and MMP14.
Conclusions
Our data suggest that miR-22 acts to regulate the invasion of 1321N1 astrocytoma cells by targeting TIMP2 expression. However, this study is preliminary, and future studies with more cases and cell lines are required to fully elucidate our findings. We need to continue investigating miR-22 as a novel treatment target for spinal DAs.
